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ABSTRACT OF THESIS  
 
INVESTIGATION OF PROTECTION ISSUES AND METHOD 
FOR THE DISTRIBUTION SYSTEM WITH DISTRIBUTED GENERATIONS 
 
Because DGs are introduced into distribution systems, the coordination of fuses and 
reclosers doesn’t work well. It means the original protection schemes are not available for 
the distribution systems with DGs. This thesis paper presents the study on the impacts of 
DGs on the fault current and voltage in the distribution system by the simulation of a 
model distribution system. After we study the impacts of DG on distribution systems, 
there is an introduction of current several current protection schemes and fault locations 
methods. At last, an adaptive protection scheme with a more efficient fault location 
method for the distribution systems is discussed in this thesis paper. 
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Chapter 1: Introduction 
1.1 Purpose 
In the power systems, the transmission systems and distribution systems are two main 
parts of the power systems. The transmission systems are the bulk transfer of electric 
power. It uses high voltage and three phase alternating current to transfer the electric 
power from generation plants to local electrical substations.  The reason of high voltage 
on transmission line is to reduce the energy lost in long distance transmission. After the 
delivery of transmission lines, distribution lines deliver electric power at a lower voltage 
from electric substations to end-users. The combined transmission and distribution 
systems are called “power grid”. 
For the purpose of this research, finding the impacts of DGs on the fault current and 
voltage in the distribution systems, then try to find an efficient adaptive protection 
scheme for the distribution systems with high penetration of distributed generations. 
 Originally, the distribution system is fed by a single three-phase source. However, in a 
distribution system with some distributed generations, the distribution system is not radial 
anymore because distributed generations feed the loads near themselves. With the effect 
of distributed generations, the protection devices, typically the reclosers and fuses, have 
to be direction sensitive in the distribution system with distributed generations which 
make sure they can work well. However the fuse and conventional recloses don’t have 
this feature, so the original protection scheme is not available when high penetration of 
distributed generations in the distribution systems. To void this problem, in [1], it 
recommends an adaptive scheme of protection which can be used when there are 
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distribution generations in the distribution systems.    This approach is to divide a 
distribution system into several zones. Every zone has its own distributed generation 
which has a capacity is little more than the load in the zone. And each zone has its own 
breaker which separates it from other zones where there is a fault happens in this zone. 
Then using some calculation and storage data to identify the fault section, at last clear the 
fault and restore the faulted zone. However after the simulation of this scheme. When we 
use the method in this protection scheme to located faults, we should measure current 
from all sources in the distribution systems, then the data gathering and analysis need us 
spent a lot of time on it. Therefore, an updated method which can made it more efficient 
came out.  
1.2 Kirchhoff’s Current law 
Kirchhoff’s current law illustrates that the algebraic sum of the currents at any junction in 
a circuit is zero. In the scheme in [1], he used this theory to check the value of the current 
measurement from all sources to determine whether there is a fault happens in a source 
[2]. 
 
0
1


n
k
kI  
1.3 Phasor 
In the engineering area, a phase vector is used to find the steady-state sinusoidal response 
with elements of amplitude (A), frequency (ω), and phase (θ). 
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 )(Re)cos(   tieAtA  
}Re{ tii eAe     
 
The phasor can also be represented as iAe , A   or A (cos )sin j ).   
In the protection scheme, the current from all sources are transformed into phasor form so 
that we can sum them up and check the value for the next step. The reason we must use 
the phasor form of current is that the current values we get from current measurement are 
scalar values and we cannot use them [3].   
1.4 Fault type 
Most of the fault happens on the distribution systems are unsymmetrical faults. Here are 
the different types of unsymmetrical: 
1. Single line-to-ground fault(LG fault) 
2. Line-to-line fault(LL fault) 
3. Line-to-line to ground fault(LLG fault) 
4. Line-to-line-to-line fault(LLL fault) 
5. Line-to-line-to-line-to-ground fault(LLLG)  
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Figure 1.1, fault types [4] 
1.5 Type of distributed generation and its affects 
Since 1998, the distributed generation usage climbed straight because it can provide 
cheaper and reliable electric power to the public, reduce emission and put off the 
upgrades of transmission lines. Unlike the traditional power sources, the distributed 
generations are connected to the distribution system directly, such as the customer end. 
The common types of the technologies for the distributed generation are wind, solar, 
mini-turbines, super magnetic energy storage, biomass generators, micro turbine, mini-
hydro, combined heat and power sources and fuel cells [5]. So far the cost of 
technologies are still relative high, and power industry are try to lower the cost of 
distributed generation for the sake of the widespread use  
 However it has some effects on the distribution system. In reference [6], it lists the 
following weaknesses of DG: 
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• The wye grounded distribution system may loses the grounded references.  
• Relays cannot detects the reverse fault current and operate coordination with other 
protection devices. 
• Lower system safety 
• The impacts on the Voltage control  
• The islanding may happens in the distribution system 
• The original autoreclosing schemes don’t work anymore. 
• Impacts on the stability of the distribution system 
• The failure of breaker for protection.  
 
1.6 The radial system and non-radial system 
1.6.1 The radial system  
Most current distribution systems are radial systems. In the radial distribution system, 
there is only one path which connects end-users and the source in a substation. Also this 
path is one-way, which means only the substation provides electric power to end-users. If 
there is a power outage, the end-users will lose electric power completely, which means it 
is not reliable. However it still has some advantages. For examples, it is easy to design 
and build, also the initial cost is low. 
1.6.2 The non-radial distribution system 
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The non-radial distribution systems are the distribution systems with DGs, which means 
this distribution system doesn’t contain only one source to provide electric power to end-
users. In the non-radial distribution systems, DG will feed its nearby loads. So the 
customers in non-radial distribution systems will receive more reliable electric power 
supply than the one in radial system.  
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Chapter 2: The study of impacts of DGs on fault current and voltage in distribution 
system 
As the introduction above, with the effect of distributed generations, the protection 
devices, typically the reclosers on main feeder and fuses on lateral feeders, have to be 
direction sensitive in a distribution system with distributed generations. So here is a study 
on the impacts of DGs on fault current and voltage in distribution system. 
2.1 The distribution System for simulation 
The simulation system is a non-radial distribution system shown in Figure 2.1. This is a 
60 Hz 12.47kV network with 17 buses. It has one main feeder and nine laterals attaches 
to the main feeder, there are also nine loads in this simulation testing system The S1 is 
the main source, S2, S3 and S4 are distributed generations (DG).  
In the Figure, it is clear that I labeled the bus numbers, and I labeled 17 buses in this 
system. In the Table 2.1, it represents the source impedances matrices, main feeder 
impedance matrices and lateral impedance matrices. Also in the Table 2.2, it shows the 
length between each bus. 
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Table 2.1 source impedances matrices, main feeder impedance matrices and lateral 
impedance matrices. 
Source impedance of 
source 1 
Positive-sequence: 0.23+j2.10 ohm 
Zero-sequence: 0.15+j1.47 ohm 
Source impedance of 
source 2,3,4 
Positive-sequence: 1.26+j12.7 ohm 
Zero-sequence: 1.15+j11.9 ohm 
 
Main feeder impedance 
matrix 
 
0.3465+j1.0179         0.1560+j0.5017       0.1580+j0.4236 
0.1560+j0.5017         0.3375+j1.0478       0.1535+j0.3849 
0.1580+j0.4236         0.1535+j0.3849       0.3414+j1.0348 
 
Three-phase lateral 
impedance matrix 
 
0.7526+j1.1814      0.1580+j0.4236        0.1560+j0.5017 
0.1580+j0.4236      0.7475+j1.1983        0.1535+j0.3849 
0.1560+j0.5017      0.1535+j0.3849        0.7436+j1.2112 
Two-phase lateral 
impedance matrix 
 
1.3294+j1.3471                            0.2066+j0.4591 
0.2066+j0.4591                            1.3238+j1.3569 
Single-phase lateral 
impedance matrix 
 
1.3292+j1.3475 
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Table 2.2 Length between each bus 
Line Type From Bus To Bus Length (mi) 
 
 
Main Feeder 
1 2 1.9 
2 3 2.3 
3 4 1.2 
4 5 1.8 
 
Main Feeder 
5 6 2.8 
6 7 2.0 
7 17 1.5 
 
 
 
 
Lateral 
2 8 1.5 
3 9 1.3 
3 10 1.6 
4 11 2.0 
4 12 1.8 
5 13 1.8 
6 14 1.5 
7 15 1.7 
7 16 1.8 
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Figure 2.1 one-line diagram of simulation system 
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Figure 2.2 the system for simulation 
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2.2 The study of impacts of DGs on fault current in distribution system 
In this simulation model, current measurement and voltage measurement devices are 
paced at each buses. The current measurement devices are used to measure the fault 
current between neighbor buses, and the voltage measurement devices are used to 
measure the voltage at each bus. First of all, using the simulations to test the impacts of 
the location of DGs in the distribution system. In this test, one DG was placed at the 
different locations in the simulation distribution system at one time (the DG with same 
capacity every time). Step 1, there is no any DG in the simulation system at this time, put 
a fault at bust 2, bus 10 or bus 11 (only one fault at a time), then running the simulation 
and recording the values of fault current between each neighbor buses and voltage at each 
bus. Step 2, put a DG at bus 3 and an AG fault with Rg=10 ohms at bus 2, then record the 
fault current values between each neighbor buses and voltages at each bus. Step 3, repeat 
the second step of recording fault current and voltages for the same AG fault at bus 10 
and 11. Step 4, repeat the second and third steps with a DG at bus 11 and bus 17 (only 
one DG at a time). The following tables and figures will show the results of comparison 
between these tests. 
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Table 2.3 Radial system, AG fault, Rg=10 ohms, fault at bus 2 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 1161.5 -71.5 1141.7 160.6 1033.7 47.3 
I2-3 12 -33.3 12.7 -148 12.9 91.6 
I2-4 1152 -71.9 1133.9 160 1024.5 46.8 
I4-5 0 0 9.6 -148 9.8 91.5 
I4-6 7.6 -33.3 8 -148 8.2 91.6 
I4-7 1146.1 -72.1 1123.1 159.3 1011.8 46.1 
I7-8 14.8 -33.5 0 0 0 0 
I7-9 0 0 10.4 -148.3 0 0 
I7-10 1134.6 -72.6 1116.8 158.9 1011.8 46.1 
I10-11 9 -33.5 9.5 -148.4 9.6 91.4 
I10-12 1127.7 -72.8 1111.1 158.5 1005.1 45.7 
I12-13 5.7 -33.6 6 -148.5 6.1 91.3 
I12-14 1123.3 -73 1107.5 158.3 1000.8 45.5 
I14-15 1.4 -33.5 1.4 -148.5 0 0 
I14-16 0 0 0 0 2.2 91.2 
I14-17 1122.2 -73.1 1106.6 158.2 999.3 45.4 
  
 
Table 2.4 Radial system, AG fault, Rg=10 ohms, fault at bus 10 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 1174 -68.9 1144.7 160.6 1031.5 47.4 
I2-3 12.3 -31.4 12.5 -147.8 12.9 91.1 
I2-4 1164.3 -69.2 1137 160.1 1022.2 46.9 
I4-5 0 0 9.5 -147.9 9.8 91.2 
I4-6 7.8 -31.6 8 -147.9 8.2 91.2 
I4-7 1158.1 -69.5 1126.3 159.4 1009.4 46.2 
I7-8 14.9 -32.5 0 0 0 0 
I7-9 0 0 10.4 -148.3 0 0 
I7-10 1132.9 -72.6 1119.9 159 1009.4 46.2 
I10-11 8.9 -33.9 9.6 -148.6 9.6 92 
I10-12 1126 -72.8 1114.1 158.6 1002.7 45.8 
I12-13 5.6 -34 6.1 -148.7 6.1 91.9 
I12-14 1121.6 -73 1110.5 158.4 998.5 45.5 
I14-15 1.4 -33.9 1.5 -148.7 0 0 
I14-16 0 0 0 0 2.1 91.8 
I14-17 1120.5 -73.1 1109.6 158.3 997.1 45.5 
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Table 2.5 Radial system, AG fault, Rg=10 ohms, fault at bus 11 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 1173.4 -69.2 1145.1 160.7 1031.2 47.4 
I2-3 12.4 -31.1 12.5 -147.8 12.9 91.1 
I2-4 1163.7 -69.6 1137.4 160.2 1021.8 46.9 
I4-5 0 0 9.5 -147.9 9.8 91.1 
I4-6 7.8 -31.3 7.9 -147.9 8.2 91.1 
I4-7 1157.6 -69.8 1126.7 159.5 1009 46.2 
I7-8 15 -31.9 0 0 0 0 
I7-9 0 0 10.4 -148.3 0 0 
I7-10 1145.7 -70.3 1120.4 159 1009 46.2 
I10-11 8.7 -34.5 9.6 -148.7 9.6 92.5 
I10-12 1126.1 -72.4 1114.5 158.7 1002.4 45.8 
I12-13 5.7 -33 6 -148.6 6.1 91.5 
I12-14 1121.7 -72.6 1110.9 158.4 998.1 45.6 
I14-15 1.4 -33 1.5 -148.7 0 0 
I14-16 0 0 0 0 2.2 91.4 
I14-17 1120.7 -72.6 1110 158.3 996.6 45.5 
 
 
Table 2.6 Non-radial system, AG fault, Rg =10 ohms, fault at bus 2. Only main source 
and Source at bust 3 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 1152.2 -71.9 1134 160.1 1024.3 46.8 
I2-3 7.6 164 6.8 36 6.6 -82.9 
I2-4 1156.5 -71.6 1137.8 160.3 1028.6 47.1 
I4-5 0 0 9.6 -147.7 9.8 91.8 
I4-6 7.6 -33 8 -147.7 8.2 91.9 
I4-7 1150.5 -71.8 1127 159.6 1015.8 46.4 
I7-8 14.8 -33.3 0 0 0 0 
I7-9 0 0 10.5 -148 0 0 
I7-10 1139 -72.3 1120.7 159.2 1015.8 46.4 
I10-11 9 -33.2 9.5 -148.1 9.7 91.7 
I10-12 1132 -72.6 1114.9 158.8 1009.1 46 
I12-13 5.7 -33.3 6 -148.2 6.1 91.5 
I12-14 1127.6 -72.8 1111.3 158.6 1004.8 45.7 
I14-15 1.4 -33.3 1.5 -148.2 0 0 
I14-16 0 0 0 0 2.2 91.5 
I14-17 1126.6 -72.8 1110.5 158.5 1003.3 45.7 
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Table 2.7 Non-radial system, AG fault, Rg =10 ohms, fault at bus 2. Only main source 
and Source at bust 11 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 1154.5 -71.8 1135.9 160.2 1026.7 46.9 
I2-3 12.1 -33.1 12.7 -147.7 12.9 91.8 
I2-4 1145.1 -72.2 1128.1 159.7 1017.5 46.4 
I4-5 0 0 9.6 -147.7 9.8 91.8 
I4-6 7.6 -33 8 -147.8 8.2 91.8 
I4-7 1139.2 -72.4 1117.5 159 1005 45.7 
I7-8 14.8 -33.2 0 0 0 0 
I7-9 0 0 10.5 -147.9 0 0 
I7-10 1127.7 -72.9 1111.2 158.5 1005 45.7 
I10-11 13.7 157.2 13.1 34 12.9 -85.7 
I10-12 1136.6 -72.4 1118.7 159.1 1013.6 46.2 
I12-13 5.7 -33.1 6 -147.9 6.2 91.8 
I12-14 1132.1 -72.5 1115.1 158.8 1009.3 46 
I14-15 1.4 -33 1.5 -148 0 0 
I14-16 0 0 0 0 2.2 91.7 
I14-17 1131.1 -72.6 1114.2 158.8 1007.8 45.9 
 
 
Table 2.8 Non-radial system, AG fault, Rg =10 ohms, fault at bus 2. Only main source 
and Source at bust 17 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 74.7507 -39.5914 99.1248 -147.4317 86.0884 93.9926 
I2-3 18.3955 -30.5388 19.5115 -147.6374 19.2009 93.3984 
I2-4 56.6584 -42.5197 79.6134 -147.3813 66.8889 94.1632 
I4-5 0 0 15.5541 -147.6929 15.3451 93.2419 
I4-6 12.2631 -30.5065 12.9864 -147.7319 12.7968 93.2859 
I4-7 44.7367 -45.7904 51.0737 -147.1972 38.7530 94.8177 
I7-8 27.3460 -30.6286 0 0 0 0 
I7-9 0 0 19.3138 -148.0129 0 0 
I7-10 19.6877 -67.0923 31.7631 -146.7012 38.7530 94.8177 
I10-11 21.4437 -30.3782 22.4919 -148.0918 22.2668 92.6948 
I10-12 13.0606 -146.0666 9.2938 -143.3343 16.5221 97.6794 
I12-13 24.6568 -30.0247 25.5716 -148.0751 25.4193 92.3188 
I12-14 32.5776 171.0881 16.3277 29.2285 9.1013 -97.4455 
I14-15 13.9330 -29.6081 14.3551 -147.9339 0 0 
I14-16 0 0 0 0 20.9421 92.1543 
I14-17 45.8765 164.9265 30.6734 30.5561 29.9544 -90.7501 
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Table 2.9 Non-radial system, AG fault, Rg =10 ohms, fault at bus 10. Only main source 
and Source at bus 3 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 1164 -69.2 1137.1 160.1 1022.2 46.9 
I2-3 7.3 161.7 6.9 35.7 6.6 -81.9 
I2-4 1168.6 -69 1141 160.4 1026.3 47.2 
I4-5 0 0 9.6 -147.6 9.8 91.5 
I4-6 7.8 -31.3 8 -147.6 8.2 91.5 
I4-7 1162.4 -69.2 1130.3 159.7 1013.4 46.5 
I7-8 15 -32.2 0 0 0 0 
I7-9 0 0 10.4 -148 0 0 
I7-10 1137.3 -72.3 1123.9 159.3 1013.4 46.5 
I10-11 8.9 -33.6 9.6 -148.3 9.6 92.3 
I10-12 1130.4 -72.6 1118.1 158.9 1006.7 46.1 
I12-13 5.7 -33.7 6.1 -148.4 6.1 92.2 
I12-14 1126 -72.8 1114.4 158.7 1002.5 45.8 
I14-15 1.4 -33.7 1.5 -148.4 0 0 
I14-16 0 0 0 0 2.2 92.1 
I14-17 1124.9 -72.8 1113.5 158.6 1001 45.7 
 
 
Table 2.10 Non-radial system, AG fault, Rg =10 ohms, fault at bus 10. Only main source 
and Source at bust 11 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 1166.3 -69.1 1138.9 160.3 1024.5 47 
I2-3 12.4 -31.2 12.6 -147.6 13 91.4 
I2-4 1156.5 -69.5 1131.2 159.8 1015.3 46.5 
I4-5 0 0 9.6 -147.6 9.8 91.4 
I4-6 7.8 -31.4 8 -147.7 8.2 91.5 
I4-7 1150.4 -69.7 1120.6 159.1 1002.6 45.8 
I7-8 15 -32.2 0 0 0 0 
I7-9 0 0 10.4 -147.9 0 0 
I7-10 1126.3 -72.9 1114.4 158.6 1002.6 45.8 
I10-11 13.8 157.4 13 34.1 13 -86.2 
I10-12 1135.2 -72.4 1121.8 159.2 1011.3 46.3 
I12-13 5.7 -33.5 6.1 -148.1 6.1 92.4 
I12-14 1130.7 -72.6 1118.1 158.9 1007 46.1 
I14-15 1.4 -33.5 1.5 -148.1 0 0 
I14-16 0 0 0 0 2.2 92.3 
I14-17 1129.7 -72.6 1117.2 158.9 1005.5 46 
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Table 2.11 Non-radial system, AG fault, Rg =10 ohms, fault at bus 10. Only main source 
and Source at bust 17 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 161.6417 -11.1454 103.1564 -148.4153 85.9138 96.3731 
I2-3 18.6481 -29.2294 19.3586 -147.5819 19.2474 93.0411 
I2-4 144.0311 -8.8421 83.8003 -148.6078 66.7083 97.334 
I4-5 0 0 15.4859 -147.6799 15.3692 93.0519 
I4-6 12.3643 -29.5641 12.9297 -147.7189 12.8166 93.0964 
I4-7 132.5389 -6.9505 55.3901 -149.0747 38.6573 100.44 
I7-8 27.2152 -30.5858 0 0 0 0 
I7-9 0 0 19.3923 -148.0988 0 0 
I7-10 17.6237 -96.6194 35.992 -149.6071 38.6479 100.4334 
I10-11 20.9318 -31.7194 22.8687 -148.3208 22.1832 93.5169 
I10-12 20.875 -161.8547 13.1391 -151.8463 16.8393 109.5614 
I12-13 24.1832 -31.0781 25.8813 -148.2311 25.3458 92.8965 
I12-14 40.9878 171.6073 12.7952 35.4814 10.4026 -114.7632 
I14-15 13.7088 -30.4753 14.4844 -148.039 0 0 
I14-16 0 0 0 0 20.8935 92.5722 
I14-17 53.9378 166.1244 27.2668 33.6122 30.5107 -96.4352 
 
 
Table 2.12 Non-radial system, AG fault, Rg =10 ohms, fault at bus 11. Only main source 
and Source at bust 3 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 1163.4 -69.6 1137.5 160.2 1021.8 46.9 
I2-3 7.2 161.3 6.9 35.7 6.6 -81.8 
I2-4 1168 -69.3 1141.4 160.4 1025.9 47.2 
I4-5 0 0 9.5 -147.6 9.9 91.4 
I4-6 7.8 -31 8 -147.6 8.2 91.4 
I4-7 1161.9 -69.5 1130.7 159.8 1013 46.5 
I7-8 15.1 -31.7 0 0 0 0 
I7-9 0 0 10.4 -148 0 0 
I7-10 1150 -70 1124.4 159.3 1013 46.5 
I10-11 8.8 -34.2 9.7 -148.4 9.6 92.8 
I10-12 1130.5 -72.1 1118.5 158.9 1006.4 46.1 
I12-13 5.7 -32.7 6 -148.3 6.1 91.8 
I12-14 1126.1 -72.3 1114.9 158.7 1002.1 45.8 
I14-15 1.4 -32.7 1.5 -148.4 0 0 
I14-16 0 0 0 0 2.2 91.7 
I14-17 1125.1 -72.4 1114 158.6 1000.6 45.8 
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Table 2.13 Non-radial system, AG fault, Rg =10 ohms, fault at bus 11. Only main source 
and Source at bust 11 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 1165.6 -69.4 1139.3 160.3 1024.1 47 
I2-3 12.4 -30.9 12.6 -147.6 13 91.3 
I2-4 1155.9 -69.8 1131.6 159.8 1014.9 46.5 
I4-5 0 0 9.5 -147.6 9.8 91.3 
I4-6 7.8 -31.1 8 -147.7 8.2 91.4 
I4-7 1149.8 -70.1 1121.1 159.1 1002.2 45.8 
I7-8 15.1 -31.7 0 0 0 0 
I7-9 0 0 10.4 -147.9 0 0 
I7-10 1138.1 -70.5 1114.9 158.7 1002.2 45.8 
I10-11 13.9 157.7 13 34.2 13 -86.5 
I10-12 1135.4 -72 1122.2 159.2 1010.9 46.4 
I12-13 5.7 -32.6 6.1 -148.1 6.2 92.1 
I12-14 1131 -72.1 1118.6 159 1006.6 46.1 
I14-15 1.4 -32.5 1.5 -148.1 0 0 
I14-16 0 0 0 0 2.2 92 
I14-17 1130 -72.2 1117.7 158.9 1005.1 46 
 
 
Table 2.14 Non-radial system, AG fault, Rg =10 ohms, fault at bus 11. Only main source 
and Source at bust 17 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 74.7507 -39.5914 99.1248 -147.4317 86.0884 93.9926 
I2-3 18.3955 -30.5388 19.5115 -147.6374 19.2009 93.3984 
I2-4 56.6584 -42.5197 79.6134 -147.3813 66.8889 94.1632 
I4-5 0 0 15.5541 -147.6929 15.3451 93.2419 
I4-6 12.2631 -30.5065 12.9864 -147.7319 12.7968 93.2859 
I4-7 44.7367 -45.7904 51.0737 -147.1972 38.753 94.8177 
I7-8 27.346 -30.6286 0 0 0 0 
I7-9 0 0 19.3138 -148.0129 0 0 
I7-10 19.6877 -67.0923 31.7631 -146.7012 38.753 94.8177 
I10-11 21.4437 -30.3782 22.4919 -148.0918 22.2668 92.6948 
I10-12 13.0606 -146.0666 9.2938 -143.3343 16.5221 97.6794 
I12-13 24.6568 -30.0247 25.5716 -148.0751 25.4193 92.3188 
I12-14 32.5776 171.0881 16.3277 29.2285 9.1013 -97.4455 
I14-15 13.933 -29.6081 14.3551 -147.9339 0 0 
I14-16 0 0 0 0 20.9421 92.1543 
I14-17 45.8765 164.9265 30.6734 30.5561 29.9544 -90.7501 
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Table 2.15 Radial system, ABC fault, Rf =10 ohms, fault at bus 10. 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 1173.5 -68.7 1165.6 164 1081.2 48.9 
I2-3 12.3 -31.3 12.2 -148.9 12.7 90.3 
I2-4 1163.7 -69.1 1157.3 163.6 1071.7 48.5 
I4-5 0 0 9.2 -149.1 9.6 90.1 
I4-6 7.8 -31.4 7.7 -149.2 8 90.1 
I4-7 1157.5 -69.3 1145.9 163 1058.6 47.9 
I7-8 15 -32 0 0 0 0 
I7-9 0 0 9.9 -150 0 0 
I7-10 1135.2 -73.1 1105 154.2 947.2 43.8 
I10-11 9 -32.9 8.8 -151.5 9.1 89.1 
I10-12 1128.3 -73.4 1099.9 153.8 940.8 43.4 
I12-13 5.7 -33 5.6 -151.6 5.8 89 
I12-14 1124 -73.5 1096.7 153.6 936.7 43.1 
I14-15 1.4 -33 1.3 -151.6 0 0 
I14-16 0 0 0 0 2 88.9 
I14-17 1123 -73.6 1095.9 153.5 935.3 43 
 
 
Table 2.16 Non-radial system, ABC fault, Rf =10 ohms, fault at bus 10. Main source and 
a DG at bus 11  
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 1166.3 -69.1 1138.9 160.3 1024.5 47 
I2-3 12.4 -31.2 12.6 -147.6 13 91.4 
I2-4 1156.5 -69.5 1131.2 159.8 1015.3 46.5 
I4-5 0 0 9.6 -147.6 9.8 91.4 
I4-6 7.8 -31.4 8 -147.7 8.2 91.5 
I4-7 1150.4 -69.7 1120.6 159.1 1002.6 45.8 
I7-8 15 -32.2 0 0 0 0 
I7-9 0 0 10.4 -147.9 0 0 
I7-10 1138.6 -70.2 1114.4 158.6 1002.6 45.8 
I10-11 13.8 157.4 13 34.1 13 -86.2 
I10-12 1135.2 -72.4 1121.8 159.2 1011.3 46.3 
I12-13 5.7 -33.5 6.1 -148.1 6.1 92.4 
I12-14 1130.7 -72.6 1118.1 158.9 1007 46.1 
I14-15 1.4 -33.5 1.5 -148.1 0 0 
I14-16 0 0 0 0 2.2 92.3 
I14-17 1129.7 -72.6 1117.2 158.9 1005.5 46 
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Table 2.17 Radial system, ABC fault, Rf =10 ohms, fault at bus 13.  
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 1169.2 -69.6 1151.5 161.6 1045 47.9 
I2-3 12.5 -30.6 12.4 -148.1 12.9 90.7 
I2-4 1159.5 -70 1143.6 161.1 1035.6 47.4 
I4-5 0 0 9.4 -148.1 9.8 90.6 
I4-6 7.9 -30.7 7.8 -148.2 8.1 90.7 
I4-7 1153.4 -70.2 1132.8 160.5 1022.6 46.7 
I7-8 15.2 -31 0 0 0 0 
I7-9 0 0 10.1 -148.6 0 0 
I7-10 1141.6 -70.7 1126.4 160.1 1022.6 46.7 
I10-11 9.2 -31.3 9.2 -149 9.5 90.3 
I10-12 1134.5 -71 1120.7 159.7 1015.8 46.3 
I12-13 5.7 -33.5 5.4 -152.4 5.6 89.5 
I12-14 1123.9 -72.8 1100 155.2 954.4 44 
I14-15 1.4 -32.1 1.4 -150.5 0 0 
I14-16 0 0 0 0 2.1 89.6 
I14-17 1122.9 -72.9 1099.2 155.1 952.9 43.9 
 
Table 2.18 Non-radial system, ABC fault, Rf =10 ohms, fault at bus 13. Main source and 
a DG at bus 11 
Current Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
I1-2 1161.8 -69.9 1145.6 161.3 1037.9 47.5 
I2-3 12.5 -30.4 12.4 -147.8 12.9 90.9 
I2-4 1152.1 -70.3 1137.8 160.8 1028.5 47 
I4-5 0 0 9.4 -147.9 9.8 90.9 
I4-6 7.9 -30.5 7.9 -147.9 8.2 90.9 
I4-7 1146.1 -70.5 1127.1 160.1 1015.6 46.3 
I7-8 15.3 -30.7 0 0 0 0 
I7-9 0 0 10.2 -148.2 0 0 
I7-10 1134.3 -71 1120.8 159.7 1015.6 46.3 
I10-11 13.4 156 13.4 34.4 13.1 -85 
I10-12 1143.5 -70.5 1128.6 160.2 1024.3 46.9 
I12-13 5.7 -33 5.5 -151.8 5.7 90.1 
I12-14 1133.1 -72.4 1107.2 155.7 962.7 44.6 
I14-15 1.4 -31.7 1.4 -149.9 0 0 
I14-16 0 0 0 0 2.1 90.1 
I14-17 1132 -72.4 1106.4 155.7 961.2 44.5 
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Compared table 2.4 with table 2.9, the table 2.4 shows the three phase fault current 
between each neighbor buses in the radial distribution system, and the table 2.9 shows the 
three phase fault current between each neighbor buses in a non-radial distribution system 
with a DG at bus 3. For both cases, there is an AG fault with Rg=10 ohms at bus 10. In 
the case of non-radial system, we can see the fault currents between the upstream buses 
of DG are smaller than the ones in the radial system. On the other side, the fault currents 
between the downstream buses of DG is larger than the ones in the radial system. For 
both of these cases, there is no limitation on the location of fault in the system. Also this 
conclusion is double-checked with other types of fault and other fault locations on the 
main feeder, it works all the time.  The following six figures show this conclusion to us 
clearly.  
 
Figure 2.3 the magnitude of Phase A of fault current for table 2.4 and 2.9 part1 
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Figure 2.4 the magnitude of Phase A of fault current for table 2.4 and 2.9 part2 
 
 
Figure 2.5 the magnitude of Phase B of fault current for table 2.4 and 2.9 part1 
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Figure 2.6 the magnitude of Phase B of fault current for table 2.4 and 2.9 part2 
 
 
Figure 2.7 the magnitude of Phase C of fault current for table 2.4 and 2.9 part1 
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Figure 2.8 the magnitude of Phase C of fault current for table 2.4 and 2.9 part2 
 
Besides this, from following figures we can also see that the degree of I2-3 changes 
dramatically. Then the similar cases are tested with other types of fault or other locations 
of DG. The result of that the degree of fault current between the bus which DG located 
and its connected bus changes dramatically when it is compared with the one in the 
distribution system without DG, we can find this conclusion clearly in the following  four 
figures. This conclusion is also clear in the table 2.5 and table 2.13, table 2.15 and table 
2.16, the I10-11 changes dramatically when a DG is installed at bus 11, which means DG 
changes the direction of fault current between the bus which DG located and its 
connected bus. However, the magnitude of the fault current may decreases or increases. 
Compared the I10-11 in the table 2.3 and table 2.7, table 2.17 and table 2.18, we can see 
that the fault current between the bus which DG located and its connected bus increases; 
compared the I2-3 in the table 2.3 and table 2.6, table 2.5 and table 2.12, I2-3 decreases. 
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Compared the table 2.3 and 2.8, the table 2.4 and 2.11, the table 2.5 and 2.14,   we can 
see that the fault current between buses on main feeder drop dramatically, and the fault 
current on each lateral feeder increase when a DG is added at the end of main feeder. 
 
 
Figure 2.9 the degree of Phase A of fault current for table 2.4 and 2.9 
 
Figure 2.10 the degree of Phase B of fault current for table 2.4 and 2.9 
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Figure 2.11 the degree of Phase C of fault current for table 2.4 and 2.9 
 
2.3 The study of impacts of DGs on voltage in distribution system 
Table 2.19 Radial system, ABC fault, Rf =10, fault at bus 2 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 7584.9 -5.7 7583.9 -123 7846.7 115.4 
V2 6146.1 -7.1 6180.6 -124.9 6363.6 113.8 
V3 6132.5 -7.2 6165.4 -125 6346.4 113.7 
V4 5825.3 -7.1 5858.9 -125 6034.8 113.8 
V5 0 0 5837.2 -125 6019.1 113.7 
V6 5816.2 -7.2 5848.7 -125.1 6023.1 113.7 
V7 5056.7 -7.3 5099.2 -125.2 5253.7 113.8 
V8 5011 -7.5 0 0 0 0 
V9 0 0 5064.3 -125.3 0 0 
V10 3925.4 -7.4 3960.1 -125.3 4078 113.6 
V11 3913.3 -7.5 3946.4 -125.4 4062.6 113.6 
V12 2176.6 -7.5 2196.7 -125.4 2260.7 113.5 
V13 2170.3 -7.6 2189.4 -125.5 2252.6 113.4 
V14 932.6 -7.5 941 -125.5 967.9 113.5 
V15 928.1 -7.5 937.7 -125.6 0 0 
V16 0 0 0 0 961.8 113.3 
V17 0 0 0 0 0 0 
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Table 2.20 Radial system, ABC fault, Rf =10, fault at bus 11 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 7722.6 -4.7 7693.2 -121.9 7984.7 116.6 
V2 6372.3 -5.3 6355.3 -122.7 6595.8 116 
V3 6358 -5.3 6339.7 -122.8 6577.8 115.9 
V4 6020 -5.4 6005.5 -123 6233.4 115.8 
V5 0 0 5983.1 -123 6217 115.8 
V6 6010.4 -5.5 5995 -123 6221.3 115.8 
V7 5175.9 -5.9 5179 -123.6 5372.5 115.5 
V8 5128.7 -6.1 0 0 0 0 
V9 0 0 5143.5 -123.7 0 0 
V10 3933.2 -6.8 3940.8 -124.8 4077.3 114.6 
V11 3775.1 -8.7 3687.6 -126.6 3851.9 114.1 
V12 2181 -6.9 2186 -124.9 2260.3 114.5 
V13 2174.6 -7 2178.8 -125 2252.1 114.4 
V14 934.4 -6.9 936.4 -124.9 967.7 114.5 
V15 929.9 -6.9 933.2 -125.1 0 0 
V16 0 0 0 0 961.6 114.3 
V17 0 0 0 0 0 0 
 
Table 2.21 Radial system, AG fault, Rg =10, fault at bus 2 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 7604 -5.5 7759.9 -121.4 8066.8 116.9 
V2 6063.3 -7.9 6627.5 -122.4 6718.5 117.9 
V3 6050.8 -7.9 6610.1 -122.5 6700.4 117.9 
V4 5747.1 -7.9 6281.7 -122.5 6371.4 117.9 
V5 0 0 6258.1 -122.5 6354.4 117.8 
V6 5738.8 -7.9 6269.9 -122.5 6359.2 117.8 
V7 4989 -8 5465.6 -122.7 5547.3 117.9 
V8 4944.2 -8.2 0 0 0 0 
V9 0 0 5428.2 -122.8 0 0 
V10 3873.5 -8.1 4243.4 -122.8 4305.9 117.7 
V11 3862.4 -8.2 4227.7 -122.9 4289.7 117.6 
V12 2148.3 -8.2 2353.1 -122.9 2387 117.6 
V13 2142.4 -8.2 2344.8 -123 2378.5 117.5 
V14 920.5 -8.2 1007.9 -122.9 1022 117.5 
V15 916 -8.2 1004.3 -123 0 0 
V16 0 0 0 0 1015.4 117.4 
V17 0 0 0 0 0 0 
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Table 2.22 Radial system, AG fault, Rg =10, fault at bus 11 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 7737.7 -4.6 7766.8 -121.4 8065.2 117 
V2 6359.9 -5.3 6520.5 -122 6730.7 117.1 
V3 6345.9 -5.4 6504.1 -122.1 6712.3 117 
V4 6000.3 -5.5 6194.9 -122.2 6382.5 117.2 
V5 0 0 6171.7 -122.2 6365.5 117.1 
V6 5991 -5.6 6183.7 -122.2 6370.1 117.1 
V7 5138.7 -6.2 5426.8 -122.6 5556.1 117.5 
V8 5092 -6.4 0 0 0 0 
V9 0 0 5389.6 -122.7 0 0 
V10 3870.4 -7.5 4276.2 -123.1 4311.9 118.2 
V11 3660.8 -9.7 4330.2 -123.7 4294.9 119.3 
V12 2146.7 -7.6 2371.2 -123.2 2390.3 118.1 
V13 2141 -7.7 2362.8 -123.3 2381.7 118 
V14 919.8 -7.6 1015.6 -123.3 1023.4 118 
V15 915.4 -7.6 1012 -123.4 0 0 
V16 0 0 0 0 1016.8 117.9 
V17 0 0 0 0 0 0 
 
 
Table 2.23 Radial system, ABCG fault, Rg =10, fault at bus 2 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 6897.4 -7.7 5946.6 -123 6862.1 121 
V2 5129.5 -10.2 3486.1 -126.9 4806.5 127.9 
V3 5119.9 -10.3 3478.5 -127 4792.9 127.9 
V4 4862.9 -10.3 3306.1 -127 4557.7 127.9 
V5 0 0 3293.1 -127 4544.8 127.8 
V6 4856.4 -10.3 3301 -127.1 4548.5 127.8 
V7 4223.9 -10.4 2880.5 -127.2 3967.8 127.9 
V8 4189.3 -10.6 0 0 0 0 
V9 0 0 2862.1 -127.4 0 0 
V10 3280.5 -10.5 2238.3 -127.4 3079.2 127.8 
V11 3271.8 -10.6 2231.5 -127.6 3067 127.7 
V12 1819.9 -10.7 1242.3 -127.6 1706.7 127.6 
V13 1815.4 -10.7 1238.7 -127.7 1700.2 127.5 
V14 779.8 -10.7 532.2 -127.6 730.6 127.6 
V15 776.2 -10.7 530.8 -127.8 0 0 
V16 0 0 0 0 725.9 127.4 
V17 0 0 0 0 0 0 
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Table 2.24 Radial system, ABCG fault, Rg =10, fault at bus 11 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 7720 -4.6 7634.2 -121.6 7966.6 117.1 
V2 6374.8 -4.9 6257.1 -122.1 6568.3 117.1 
V3 6360.5 -5 6241.8 -122.2 6550.3 117.1 
V4 6023.8 -5 5896.8 -122.3 6203.3 117.2 
V5 0 0 5874.8 -122.3 6186.8 117.1 
V6 6014.2 -5 5886.5 -122.4 6191.2 117.1 
V7 5182.6 -5.3 5044.4 -122.7 5336.2 117.4 
V8 5135.5 -5.5 0 0 0 0 
V9 0 0 5010 -122.8 0 0 
V10 3943.9 -5.7 3766 -123.2 4031.2 117.8 
V11 3931.9 -5.8 3753.2 -123.3 4015.6 117.7 
V12 2029.2 -7.2 1786.8 -125.4 2014.5 119.8 
V13 1808.9 -10.9 1248.6 -127.7 1693 127.9 
V14 869.4 -7.3 765.4 -125.4 862.5 119.7 
V15 865.3 -7.3 763 -125.5 0 0 
V16 0 0 0 0 857 119.6 
V17 0 0 0 0 0 0 
 
Table 2.25 Non-radial system, ABCG fault, Rg =10, fault at bus 2, a DG at bus 11 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 7799.5 -28.5 4644.6 -131.2 8874.3 112.3 
V2 6992.4 -38.4 1670.5 -174.2 8330.5 107.9 
V3 6979.9 -38.4 1680.5 -173.8 8293.3 108 
V4 6631.1 -38.4 1594.9 -173.8 7889.9 108 
V5 0 0 1598 -173.2 7850.8 108 
V6 6622.6 -38.4 1601.7 -173.4 7864.9 108 
V7 5761.1 -38.2 1399.5 -173.2 6869.9 108.1 
V8 5708.5 -38 0 0 0 0 
V9 0 0 1405.4 -172.9 0 0 
V10 4480.1 -38 1094.3 -171.7 5328.7 108.4 
V11 4484.6 -37.6 1110.9 -169.2 5332.4 108.7 
V12 2486 -38 614.8 -171.1 2944.5 108.5 
V13 2480 -38 619.7 -170.6 2927.2 108.6 
V14 1065.4 -38 264.3 -170.9 1259.1 108.5 
V15 1060.3 -38 265.1 -171 0 0 
V16 0 0 0 0 1248.5 108.6 
V17 0 0 0 0 0 0 
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Table 2.26 Non-radial system, ABCG fault, Rg =10, fault at bus 2, a DG at bus 17 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 9997 -31 5422 -133 11191 113 
V2 10563 -39 2841 -164 12049 110 
V3 10543 -39 2855 -164 11999 110 
V4 10515 -39 2951 -161 11969 110 
V5 0 0 2958 -161 11912 110 
V6 10501 -39 2961 -161 11934 110 
V7 10398 -38 3211 -156 11828 111 
V8 10304 -38 0 0 0 0 
V9 0 0 3217 -156 0 0 
V10 10270 -36 3627 -150 11595 111 
V11 10243 -36 3643 -150 11532 111 
V12 10106 -34 4308 -142 11305 112 
V13 10080 -34 4318 -142 11250 112 
V14 10015 -33 4807 -138 11150 112 
V15 9967 -33 4797 -139 0 0 
V16 0 0 0 0 11064 112 
V17 9954 -31 5186 -136 11068 113 
 
 
Table 2.27 Non-radial system, ABCG fault, Rg =10, fault at bus 11, a DG at bus 11 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 7637.5 -12 7162.4 -122.6 8439.4 114.7 
V2 6367.1 -17.5 5554.1 -124.1 7321.3 112.9 
V3 6354.8 -17.5 5542.7 -124.2 7299.2 112.9 
V4 6047.6 -19.3 5133 -124.6 7032.7 112.3 
V5 0 0 5118.6 -124.6 7009.5 112.3 
V6 6039.3 -19.4 5125.7 -124.6 7017.3 112.3 
V7 5312.3 -24.6 4129.6 -126.1 6359 110.9 
V8 5268.8 -24.6 0 0 0 0 
V9 0 0 4105.9 -126.3 0 0 
V10 4349.5 -35.8 2639.7 -130.2 5348.4 108 
V11 5024.8 -47.9 1463.6 -147.4 5665.8 108.9 
V12 2412.6 -35.7 1466.7 -130.3 2959.7 108 
V13 2406.1 -35.7 1464.6 -130.4 2945.7 108 
V14 1033.8 -35.7 628.8 -130.3 1266.2 108 
V15 1028.7 -35.6 626.2 -130.5 0 0 
V16 0 0 0 0 1256.1 108 
V17 0 0 0 0 0 0 
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Table 2.28 Non-radial system, ABCG fault, Rg =10, fault at bus 11, a DG at bus 17 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 9462.2 -2.8 9016.3 -121.8 9396.9 120 
V2 9051.5 -3.9 8279.5 -123.1 8878.5 120.9 
V3 9032.3 -4 8259.6 -123.2 8854 120.8 
V4 8947.7 -4.2 8089 -123.5 8746.4 121.1 
V5 0 0 8058.4 -123.5 8723.2 121 
V6 8934.3 -4.3 8075.2 -123.5 8729.2 121.1 
V7 8701.3 -4.9 7649.6 -124.3 8442.9 121.9 
V8 8625.7 -5.1 0 0 0 0 
V9 0 0 7598.3 -124.5 0 0 
V10 8368.5 -5.9 6990.5 -125.6 7983.8 123.1 
V11 7727.3 -8.7 5378.8 -127.2 7114.4 129.4 
V12 8531.7 -5.7 7336 -125 8192.1 122 
V13 8508.4 -5.8 7312.9 -125.1 8161.9 121.9 
V14 8665.5 -5.4 7594.6 -124.4 8362.3 121.4 
V15 8624.8 -5.5 7570.3 -124.5 0 0 
V16 0 0 0 0 8308.9 121.3 
V17 8769.8 -5.2 7795.1 -124 8505.2 121.1 
 
 
Table 2.29 Non-radial system, AG fault, Rg =10, fault at bus 2, a DG at bus 11 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 7614.8 -5.4 7770.8 -121.3 8078.1 117 
V2 6081.5 -7.7 6645.2 -122.2 6738.4 118.2 
V3 6069 -7.7 6627.6 -122.3 6720.3 118.1 
V4 5767.5 -7.7 6300.8 -122.2 6393.6 118.1 
V5 0 0 6277.1 -122.2 6376.6 118 
V6 5759 -7.7 6289 -122.3 6381.4 118.1 
V7 5014.5 -7.7 5488.3 -122.3 5575.2 118.2 
V8 4969.4 -7.9 0 0 0 0 
V9 0 0 5450.7 -122.4 0 0 
V10 3906.7 -7.5 4271.4 -122.2 4342.1 118.3 
V11 3925.5 -7.3 4289.8 -122 4364.4 118.4 
V12 2166.7 -7.6 2368.7 -122.3 2407.1 118.1 
V13 2160.8 -7.7 2360.3 -122.4 2398.5 118 
V14 928.4 -7.7 1014.6 -122.3 1030.6 118.1 
V15 923.9 -7.7 1010.9 -122.5 0 0 
V16 0 0 0 0 1024 117.9 
V17 0 0 0 0 0 0 
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Table 2.30 Non-radial system, AG fault, Rg =10, fault at bus 2, a DG at bus 17 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 9718 -3 10018 -121 10092 119 
V2 9221 -5 10187 -122 10002 120 
V3 9203 -5 10160 -122 9975 120 
V4 9224 -5 10159 -122 9990 120 
V5 0 0 10121 -122 9963 119 
V6 9211 -5 10140 -122 9970 119 
V7 9232 -5 10117 -122 9974 119 
V8 9149 -5 0 0 0 0 
V9 0 0 10048 -122 0 0 
V10 9283 -5 10056 -122 9943 119 
V11 9256 -5 10020 -122 9905 119 
V12 9387 -4 9987 -122 9923 118 
V13 9360 -4 9953 -122 9887 118 
V14 9482 -4 9958 -122 9933 118 
V15 9436 -4 9923 -122 0 0 
V16 0 0 0 0 9869 118 
V17 9558 -4 9945 -122 9957 118 
 
 
Table 2.31 Non-radial system, AG fault, Rg =10, fault at bus 11, a DG at bus 11 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 7748 -4.5 7777.6 -121.3 8076.4 117.1 
V2 6377.8 -5.1 6538.4 -121.8 6750 117.3 
V3 6363.8 -5.2 6522 -121.9 6731.6 117.3 
V4 6020.1 -5.3 6214.7 -121.9 6404 117.4 
V5 0 0 6191.5 -121.9 6387 117.3 
V6 6010.8 -5.4 6203.5 -122 6391.6 117.4 
V7 5163.1 -5.9 5451 -122.2 5582.9 117.9 
V8 5116.3 -6.1 0 0 0 0 
V9 0 0 5413.7 -122.3 0 0 
V10 3901.6 -7.1 4306.9 -122.6 4347.1 118.8 
V11 3718.1 -9 4396.4 -122.9 4368.6 120.1 
V12 2164 -7.2 2388.2 -122.7 2409.8 118.6 
V13 2158.2 -7.2 2379.7 -122.8 2401.1 118.5 
V14 927.2 -7.2 1022.9 -122.7 1031.7 118.6 
V15 922.8 -7.2 1019.3 -122.8 0 0 
V16 0 0 0 0 1025.1 118.4 
V17 0 0 0 0 0 0 
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Table 2.32 Non-radial system, AG fault, Rg =10, fault at bus 11, a DG at bus 17 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 9857 -2 10028 -121 10086 119 
V2 9536 -3 10064 -122 10017 119 
V3 9516 -3 10039 -122 9990 119 
V4 9456 -3 10078 -122 10004 119 
V5 0 0 10040 -122 9977 119 
V6 9442 -3 10060 -122 9984 119 
V7 9266 -4 10133 -122 9985 119 
V8 9183 -4 0 0 0 0 
V9 0 0 10064 -123 0 0 
V10 9024 -5 10219 -123 9948 120 
V11 8573 -7 10331 -123 9909 121 
V12 9181 -5 10109 -123 9923 119 
V13 9156 -5 10073 -123 9887 119 
V14 9312 -4 10052 -122 9929 119 
V15 9267 -4 10017 -122 0 0 
V16 0 0 0 0 9865 119 
V17 9414 -4 10019 -122 9951 118 
 
 
Table 2.33 Non-radial system, ABC fault, Rf=10, fault at bus 2, a DG at bus 11 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 7595.7 -5.6 7594.7 -122.9 7857.5 115.5 
V2 6164.8 -6.9 6196.8 -124.7 6382.2 114 
V3 6151.2 -7 6181.6 -124.8 6364.9 114 
V4 5846.2 -6.9 5876.6 -124.8 6055.5 114 
V5 0 0 5854.8 -124.8 6039.8 113.9 
V6 5837 -7 5866.3 -124.8 6043.8 114 
V7 5082.7 -6.9 5120.2 -124.8 5279.6 114.1 
V8 5036.8 -7.1 0 0 0 0 
V9 0 0 5085.2 -125 0 0 
V10 3959.2 -6.8 3986 -124.7 4111.7 114.2 
V11 3977.2 -6.6 4005.6 -124.5 4133.6 114.4 
V12 2195.4 -6.9 2211.1 -124.8 2279.4 114.1 
V13 2189 -7 2203.8 -124.9 2271.2 114 
V14 940.6 -7 947.1 -124.8 975.9 114 
V15 936.1 -7 943.9 -125 0 0 
V16 0 0 0 0 969.8 113.9 
V17 0 0 0 0 0 0 
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Table 2.34 Non-radial system, ABC fault, Rf =10, fault at bus 2, a DG at bus 17 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 9666.3 -3.1 9688.5 -123.1 9683.1 116.8 
V2 9323.6 -4.6 9389.2 -125.2 9342.8 115.2 
V3 9303.2 -4.6 9366 -125.3 9317.5 115.2 
V4 9319.4 -4.6 9386.2 -125.2 9343.6 115.2 
V5 0 0 9351.2 -125.3 9319.7 115.1 
V6 9304.9 -4.6 9369.7 -125.3 9325.6 115.1 
V7 9310.9 -4.6 9398.8 -125.3 9357.9 115.2 
V8 9227.1 -4.8 0 0 0 0 
V9 0 0 9334.5 -125.4 0 0 
V10 9337.1 -4.6 9418.2 -125.2 9372.3 115.2 
V11 9308.4 -4.7 9385.6 -125.3 9336.7 115.1 
V12 9403.8 -4.4 9469.1 -124.8 9421.3 115.4 
V13 9376 -4.5 9438 -124.9 9387.2 115.3 
V14 9473.2 -4.2 9522.5 -124.4 9478.4 115.6 
V15 9428 -4.2 9489.9 -124.5 0 0 
V16 0 0 0 0 9418.5 115.5 
V17 9530.6 -3.9 9570.8 -124 9537.7 115.9 
 
 
Table 2.35 Non-radial system, ABC fault, Rf =10, fault at bus 11, a DG at bus 11 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 7732.9 -4.6 7703.7 -121.8 7995.2 116.7 
V2 6390.6 -5.1 6371.3 -122.5 6614.3 116.2 
V3 6376.2 -5.2 6355.7 -122.6 6596.3 116.1 
V4 6040.3 -5.2 6022.9 -122.7 6254 116.1 
V5 0 0 6000.5 -122.8 6237.5 116 
V6 6030.6 -5.3 6012.4 -122.8 6241.8 116 
V7 5201.1 -5.6 5199.7 -123.3 5398 115.8 
V8 5153.7 -5.8 0 0 0 0 
V9 0 0 5164.2 -123.4 0 0 
V10 3965.5 -6.3 3966.1 -124.3 4109.9 115.1 
V11 3834.9 -7.9 3742.3 -125.8 3919.8 114.8 
V12 2198.9 -6.4 2200 -124.4 2278.4 115 
V13 2192.5 -6.5 2192.8 -124.5 2270.2 114.9 
V14 942.1 -6.5 942.4 -124.4 975.5 115 
V15 937.6 -6.5 939.2 -124.5 0 0 
V16 0 0 0 0 969.3 114.8 
V17 0 0 0 0 0 0 
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Table 2.36 Non-radial system, ABC fault, Rf =10, fault at bus 11, a DG at bus 17 
Voltage Phase A 
magnitude 
Phase A 
degree 
Phase B 
magnitude 
Phase B 
degree 
Phase C 
magnitude 
Phase C 
degree 
V1 9783.9 -2.2 9747.2 -122.1 9794.8 118 
V2 9521.9 -3.2 9479.5 -123.5 9530.7 117.1 
V3 9500.9 -3.3 9456.2 -123.6 9504.6 117 
V4 9457.6 -3.5 9413.1 -123.8 9465.8 116.9 
V5 0 0 9377.9 -123.9 9441.2 116.8 
V6 9442.8 -3.5 9396.6 -123.9 9447.4 116.8 
V7 9305.7 -4.1 9274.7 -124.6 9323.1 116.5 
V8 9222 -4.3 0 0 0 0 
V9 0 0 9211.3 -124.8 0 0 
V10 9118.5 -4.9 9069.7 -125.6 9103.1 115.7 
V11 8774.9 -6.6 8489.6 -127.2 8630.5 115.6 
V12 9209.8 -4.7 9161.2 -125.2 9184.5 115.8 
V13 9183 -4.8 9131.1 -125.3 9151.3 115.7 
V14 9295.7 -4.5 9243.1 -124.7 9263.9 115.9 
V15 9251.7 -4.5 9211.6 -124.8 0 0 
V16 0 0 0 0 9205.5 115.8 
V17 9365.3 -4.2 9312.6 -124.3 9339.5 116.2 
 
From above tables, we can get a conclusion that the magnitude of each bus will affected 
when a DG is installed into the distribution system. Especially when a DG is added at the 
end of main feeder. Look at the tables 2.26, 2.28, 2.30, 2.32, 2.34 and 2.36, the 
magnitude of voltage in these tables change dramatically. In other words, the effect on 
the magnitude of voltage at each bus is more obvious when a DG is added at the end of 
main feeder. The following figures show this result clearly. 
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Figure 2.12 the magnitude of each bus voltage (phase A) for table 2.19 and 2.34 
 
 
Figure 2.13 the magnitude of each bus voltage (phase B) for table 2.19 and 2.34 
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Figure 2.14 the magnitude of each bus voltage (phase C) for table 2.19 and 2.34 
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Chapter 3: The current protection schemes and fault location methods for 
distribution system  
3.1 Protection techniques for the distribution system with DGs 
Nowadays the conventional power distribution systems are radial, which means there is 
only one electrical source feeds whole distribution system. Because the cost of 
transmission lines and distribution lines are rising all the way, but the cost of distributed 
generation keeps moving down, the distributed generation (DG) is more economical and 
practical than building more transmission and distribution facilities to support the 
expanding power load. Therefore, the distributed generation will be a trend in the near 
future. 
However, with the high penetration of distributed generation in a distribution system, the 
original coordination between fuses and reclosers doesn’t work well anymore. Because 
the fault current would change their direction when distributed generation is installed in 
distribution system, then protection devices cannot sense the fault correctly and quickly. 
In other words, it means that the original protection schemes in radial distribution 
systems don’t work anymore either. Besides this, other protection techniques request to 
close all distributed generations when there is a fault happens in the system, it is not 
practical for the real distribution systems. So this section focuses on introducing current 
methods of protection for distribution system with DGs and a practical and updated 
scheme based on the scheme in [1] which is used for the distribution system with high 
penetration of distributed generation. First, let us talk about current protection methods 
for distribution system with DGs. 
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3.1.1 A simple adaptive protection scheme for the distribution system with DGs [7] 
First, this adaptive protection is only use the local information to update the settings 
when the distribution system condition is changed. For example, when some generators 
are lost in the distribution system, this method allows relay updates its real-time features 
by using the local information. Therefore, this method uses state detection algorithms and 
fault detection to check the condition of the distribution system all the time, then update 
the features of relays to clear the fault as soon as possible.  
3.1.2 The protection scheme of for low penetration of distributed generation 
In this scheme, it suggested that check the every protection selectivity when a distributed 
generation is installed in the distribution system. Because the distributed generation will 
change the fault current magnitude and direction, it means that the impedance of the 
distribution system will change at same time [8]. Although this scheme works, it only 
works when the density of distributed generation is low. As mentioned above, the 
distributed generation will be a trend in the near future, and there will be more and more 
distributed generations in the distribution system. Therefore, this scheme is not optimal 
choice for distribution systems in the near future. 
3.2 Other fault location algorithms or methods for distribution system 
3.2.1 Method based on the modified reactance calculated from voltage and current 
measurement 
This method is proposed in the paper [9]. It is a fault location method for radial system 
which based on the fundamental frequency component of voltages and currents. The 
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main technology in this method is to use digital relays come with at least two processors, 
and implemented on a personal computer in a substation to clear fault in the distribution 
system. According to the test results in the paper, this fault location method works even 
for fault resistance of 50 ohms.  
3.2.2 The method based on the simulated and measured voltage sag data 
This method is proposed in the paper “Automatic fault location on distribution network 
using voltage sags measurements” by Haiyu Li, A.S Mokhar and N. Jenkins. This method 
combines power system analysis, database search and pattern recognition to find out fault 
location in the distribution system. First, this method uses fault analysis program to make 
a database of voltage sag for different type fault, then using the pattern recognition to 
locate where fault happens in the distribution system [10].   
3.2.3 Method of fault location based on superimposed components 
This method is proposed in the paper by A.T. John and Y. Aslan and R.K. Aggarwal [11]. 
This fault location method is not only works for overhead distribution system but also 
works for plain transmission system. The only difference between them is that the 
algorithm for distribution system is more complicated. This method is based on using 
superimposed phase signal of current and voltage, and filtering techniques extract the 
fundamental phasors of the faulted signals. 
3.2.4 The fault location method based on local voltage, current and network 
topology 
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 This method is proposed in E.C Senger, Manassero and E.L. Pellini’s paper: “Automated 
Fault Location System for Primary Distribution Networks” [12].  The two most important 
part in this method are IEDs and a database. The IEDs are intelligent electronic devices at 
the local substation which provides local voltage and current measurement to analyze, the 
database is used to store topology of network and system parameters. The method uses 
these two parts to locate fault fast and accurately.  
3.2.5 The fault location method based on the difference between feeder currents 
from different zones [13] 
The most important difference between this method and other methods is this method can 
treat short circuit fault and open conductor fault simultaneously. Besides this, this method 
works on the temporary fault on the system. Then this method is effective on detecting 
high impedance fault which is very dangerous to personal safety. As same as the scheme 
of 2.23, this method locates the fault by analyzing the magnitude of fundamental 
frequency component of voltage and current phasor.  
3.3 The adaptive scheme protection scheme for the distribution system with DGs [1] 
The ideal protection scheme for distribution system is to only isolating the faulted 
sections. However it is not available for the system with high penetration of distributed 
generation. Because fuses are the devices that control the sections, and as I mentioned 
above fuses coordination doesn’t work when there is distributed generation in the 
distribution system. Also other techniques which can make fuses coordination works are 
not practical in the reality. Then in the reference [1], it proposed a solution that the 
distribution system is divided into several zones. Each zone should has a reasonable load 
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and DG, and DG should has enough capacity for the load in that zone. Besides this, zones 
should be separated each other by breakers. All these breakers can be stimulated many 
times by the signal which is sent by the main relay located in the substation. When a fault 
happens in the system, the relay senses the fault and send a signal to trip the 
corresponding breaker to isolate the faulted zone and its distributed generation. At the 
same time, the rest zones are still working well.  
After dividing distribution system, the author introduced a method to find the faulted 
section which I will show my simulation process in the following parts.  
 
 
 
 
 
Figure 3.1 Example of the simulation distribution system be divided into three zones  
  
3.4 Simulation for the fault location method in the reference [1]  
In this research, using the Simulink in MATLAB to qualify the accuracy and feasibility 
of the algorithm in the adaptive protection scheme. In the Simulink, the POWERLIB 
package is used to simulate a distribution system with several distributed generations. 
The POWERLIB package contains a lot of pre-modeled electrical components, and you 
can set the values and features as you need. Therefore, the simulation distribution system 
S2 
SS 
S1 S3 
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is made in Simulink. Also the algorithm in my research is coded in MATLAB language. 
In this section, we will talk about the details of each component in the simulation 
distribution system, the steps of how to simulate this method and the debug results of my 
algorithm simulation.  
In this simulation, using the same simulation system I used in the chapter 2. According to 
the illustration in the paper [1], this system is divided into three zones. In the zone 1, it 
contains load 1, 2 and 6; zone 2 contains load 3, 4 and 7; zone 3 contains load 5, 8 and 9 
which have the almost same load capacity for each zone, we can see the simulation 
distribution system is divided into three zones in the figure 3.1. In this simulation, all 
three DGs will be added at bus 3, 11 and 17. In order to save the time to focus on testing 
on the fault-location method, we assume we know the fault type and the fault resistance 
of the fault in the simulation. 
 
 
 
44 
 
 
Figure 3.2 Simulated system 
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3.4.1 Identify the faulted section in the tested model distribution system for the 
scheme in the Reference [1]. 
Table 3.1, look-up table for AG fault, Rg=1,Rf=0.001 
 AG fault,   Rg=1 ohm 
 
Bus 
Is1 Is2 Is3 Is4 
Min Max Min Max Min Max Min Max 
1 2 1601.15 2774.8 9.57 12.84 57.64 61.87 305.24 313.56 
2 3 1070.18 1601.26 11.34 12.84 55.64 57.65 217 305.25 
2 4 1114.27 1601.26 7.97 12.84 57.64 81.3 305.24 342.62 
4 5 146.88 1114.3 0.92 7.98 49.66 81.3 65.89 342.62 
4 6 814.72 1114.3 5.67 7.98 71.16 81.3 251.4 342.62 
4 7 1044.48 1114.3 6.78 7.98 81.27 93.48 342.59 362.27 
7 8 685.17 1044.58 4.49 6.79 72.51 93.48 233.46 362.27 
7 9 146.88 1044.58 0.92 6.79 49.66 93.48 65.89 362.27 
7 10 865.17 1044.58 6.29 6.79 93.45 103.85 362.25 422.58 
10 11 686.72 865.2 4.38 6.3 90.54 103.85 313.28 422.58 
10 12 765.07 865.2 4.83 6.3 103.84 120.51 422.57 516.32 
12 13 651.12 765.1 3.82 4.84 101.16 120.51 399.37 516.32 
12 14 686.72 765.1 4.61 4.84 120.5 135.43 516.31 628.61 
14 15 561.86 686.73 3.19 4.62 100.05 135.43 425.32 628.61 
14 16 146.84 686.73 0.92 4.62 49.66 135.43 65.89 628.61 
14 17 671.46 686.73 3.85 4.62 135.42 150.79 628.58 808.32 
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Table 3.2, look-up table for AG fault, Rg=10,Rf=0.001 
AG fault,   Rg=10 ohm 
 
Bus 
Is1 Is2 Is3 Is4 
Min Max Min Max Min Max Min Max 
1 2 917.16 1018.91 3.42 6.75 54.4 54.97 138.32 189.87 
2 3 799.98 917.18 6.73 8.82 54.35 54.97 180.07 189.87 
2 4 810.51 917.18 5.52 6.75 54.95 63.57 189.85 229.09 
4 5 146.86 810.53 0.92 5.54 49.66 63.57 65.89 229.09 
4 6 708.05 810.53 4.6 5.54 62.02 63.57 215.54 229.09 
4 7 691.19 810.53 4.6 5.54 63.55 70.94 229.07 261.15 
7 8 576.8 691.21 3.87 4.62 67.7 70.94 219.23 261.15 
7 9 146.85 691.21 0.92 4.62 49.66 70.94 65.89 261.15 
7 10 691.19 711.31 4.0 4.62 70.92 81.21 261.13 286.35 
10 11 556.45 711.31 3.75 4.02 81.19 82.94 249.62 286.35 
10 12 629.73 711.31 3.34 4.02 81.19 93.86 286.33 389.87 
12 13 566.21 629.75 3.13 3.36 86.89 93.86 352.98 389.87 
12 14 623.57 629.75 3.25 3.36 93.84 102.48 389.85 438.52 
14 15 478.11 623.59 2.82 3.27 91.71 102.48 377.4 438.52 
14 16 146.85 623.59 0.92 3.27 49.66 102.48 65.89 438.52 
14 17 608.88 623.59 2.77 3.27 102.46 109.19 438.5 552.63 
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Table 3.3, look-up table for AG fault, Rg=100,Rf=0.001 
AG fault,   Rg=100 ohm 
 
Bus 
Is1 Is2 Is3 Is4 
Min Max Min Max Min Max Min Max 
1 2 157.54 254.21 1.25 1.49 50.36 51.86 68.01 85.23 
2 3 153.07 157.57 1.46 1.85 51.71 51.86 85.17 85.23 
2 4 157.54 239.3 1.34 1.49 51.83 51.95 85.20 90.62 
4 5 146.85 239.3 0.92 1.37 49.66 51.95 65.89 90.62 
4 6 239.27 240.04 1.18 1.37 51.92 52.15 90.50 90.62 
4 7 226.42 239.3 1.34 1.44 51.92 52.76 83.34 90.62 
7 8 222.08 226.45 1.37 1.44 52.73 52.78 83.34 83.40 
7 9 146.85 226.45 0.92 1.44 49.66 52.76 65.89 83.37 
7 10 201.47 226.45 1.38 1.44 52.73 53.34 83.34 90.57 
10 11 200.85 201.5 1.37 1.40 53.32 53.79 90.54 91.99 
10 12 201.47 222.4 1.21 1.40 53.31 54.12 90.54 106.46 
12 13 222.37 224.1 1.14 1.24 53.73 54.12 103.93 106.46 
12 14 211.25 222.4 1.21 1.30 53.66 54.12 106.44 109.04 
14 15 208.77 211.28 1.25 1.30 53.66 53.72 104.61 109.04 
14 16 146.85 211.28 0.92 1.30 49.66 53.69 65.89 109.04 
14 17 204.48 211.28 1.01 1.30 53.66 55.13 109.02 113.52 
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The look-up tables of the fault contribution from each source ( From above data , we can 
see that bus 5,9 and 16 don’t have phase A, so there is no AG fault may happens on these 
buses). 
Originally, most methods of determining the faulted sections rely on protective devices, 
most are fuses. However, with the high penetration of distributed generation in the 
distribution systems, the coordination between fuses is lost. So we need to find another 
way to identify the faulted section. This method is required to identify the fault section 
quickly so that relay can give a tripping signal to breakers to isolate the faulted zones as 
soon as possible.  
Therefore, we should find a best way to locate the faulted zones. According to the 
instruction about how to identify the faulted section in the reference [1], first we tried to 
make three look-up tables of the fault contribution from each source in my test model. In 
the reference [1], the author illustrated that the total fault current is the sum of fault 
contribution from each source. And if a fault point moves from one bus to its adjacent 
bus for a given type fault, the Thevenin impedance to a source can be increased or 
decreased, which means the fault contribution from any source can continuously increase 
or continuously decrease when fault point moves from one bus to nearby bus.  According 
to this theory, if there is a fault with corresponding fault type happens between these two 
buses, then the current contributions from different sources will stay between the 
minimum and maximum values of that bus section.  In these three tables, the minimum 
and maximum current at each bus from each source for an AG fault are listed. To finish 
these tables, the three-phase current from each source are measured when an AG fault 
happens at each bus, then these data are collected and calculated to find the maximum 
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value of each fault contribution with the algorithm in the MATLAB code. After these, 
finding the maximum and minimum fault current values between each connected buses 
and fill them into the tables.   
After finishing these look-up tables, the next thing is to write codes to identify the faulted 
zones in the tested model distribution system. Firstly, save the values in these tables into 
CSV files in Windows Excel which is convenient for us to load these data into MATLAB.  
After that, create an AG fault with specific ground resistance. Secondly, test the 
algorithm to identify the faulted zones. For example, there was an AG fault at bus 10, and 
the ground resistance was set to be 1 ohm. After running the algorithm, the output 
showed that the fault happened at the any point between the bus 10 and adjacent bus. In 
the output, it showed that the fault may happens between bus 7 and 10, bus 10 and 11, 
bus 10 and 12. 
Then what will happen if we place an AG fault with a different fault resistance at a bus?  
Do these original look-up tables still work?  Therefore, it needs a further simulation to 
test this question. 
At this time, there was an AG fault at the same bus 10 first. However, this time ground 
resistance is 150 ohms. After running the algorithm, it showed that the fault may happens 
between bus 4 and 5, bus 7 and 9, bus 14 and 16.  It means the look-up tables do not work 
anymore when the ground resistance changed. To double checked this conclusion, 
another AG fault with ground resistance 250 ohms was placed at the bus 10. Then the 
algorithm ran it and showed that the fault may happen between the bus 4 and 5, bus 7 and 
9, bus 14 and 16, this method didn’t work again. 
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After placing a fault at the bus and we could located it by the algorithm, we continued to 
plan to verify that if this algorithm works when there is a fault happens between one bus 
and its adjacent bus.  So there was an AG fault with Rf= 0.001 ohm and Rg=1 ohm 
between bus 2 and bus 4(the accurate position is 1.5 mile from bus 2 and 0.8 mile from 
bus 4). Then the table1 was loaded into the algorithm and be run, the results showed that 
the fault happens between the bus 2 and bus4. Then there were some other types of faults 
were placed at the points between some connected buses. The algorithm can also 
identified these fault locations correctly. It means this fault location method can identify 
the fault location successfully. 
In order to verify this fault location method works. There is a need to make more look-up 
tables for different type faults with exact fault resistances.  
During these tests, there are different kinds of fault with different fault or ground 
resistances, BC fault with Rf of 1 ohm and 10 ohm; BCG fault with Rf of 1ohm and Rg 1 
ohm or 50 ohm; ABC fault with Rf of 1 ohm or 10 ohm; And ABCG fault with Rf of 1 
ohm and Rg of 1 ohm or 50 ohm. After finishing these tables, these tables needed to be 
transferred into CSV files which can be loaded into the MATLAB algorithm and be run. 
At last, all these new look- up tables can be used to locate the corresponding fault easily 
and successfully in the model distribution system as the example of AG fault tables. 
Although this fault detection method by look- up tables is easy and quickly to locate the 
fault section, it still has some limitations after we testing it. Firstly, this scheme only 
works when the ground resistance and fault resistance are fixed, it means it only works 
when the fault resistance and ground resistance are same as the corresponding tables. 
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When ground resistance and fault resistance change, the table is not available for 
identifying the fault in the distribution system. 
Secondly, making these look-up tables needs a lot of time to measure the current 
contribution at each bus from different sources. For each type of fault, operators should 
set the fault resistance first, and collect the fault current contribution from all distributed 
sources, then compare them to find minimum and maximum values between each bus for 
all sources. To be frank, this is not a comfortable job because it needs a lot of time to 
arrange this data and fill them into tables. In my model distribution system, there are only 
17 buses and 4 sources. But it still needs couple of days to measure and gather these data. 
Therefore, in a real distribution system, there will be more buses and sources in it. So this 
fault location method is not the best option to locate the fault in the distribution systems. 
The following tables are the look-up tables for BC fault, ABC fault, BCG fault, ABCG 
fault with different fault resistances and ground resistance which are used in the 
simulations. 
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Table 3.4, look-up table for BC fault with Rf=1 ohm 
BC fault,   Rf=1 ohm 
 
Bus 
Is1 Is2 Is3 Is4 
Min Max Min Max Min Max Min Max 
1 2 3648 4755.1 20.95 21.08 2020.39 2997.01 321.97 579.81 
2 3 2743.7 3647.9 20.54 21.08 1366.39 2020.41 321.31 579.81 
2 4 2867.3 3647.9 16.76 21.08 1447.49 2020.41 579.80 760.53 
4 5 1991.8 2867.4 12.17 16.77 990.31 1447.51 324.57 760.53 
4 6 2108.7 2867.5 12.72 16.77 1035.49 1447.51 374.28 760.53 
4 7 2867.3 2534.2 14.96 16.77 1260.39 1447.51 760.52 827.39 
7 8 146.84 2534.3 0.92 14.97 49.66 1260.41 65.89 827.39 
7 9 146.84 2534.3 0.92 14.97 49.66 1260.41 65.88 827.39 
7 10 2192.29 2534.3 13.18 14.97 1056.59 1260.41 827.38 924.50 
10 11 1486.49 2192.31 8.87 13.19 781.57 1056.61 604.37 924.50 
10 12 1673.29 2192.31 10.02 13.19 839.52 1056.61 924.49 1041.61 
12 13 1115.89 1673.31 6.76 10.03 659.86 839.53 819.72 1041.61 
12 14 1430.29 1673.31 8.77 10.03 731.96 839.53 1041.59 1128.71 
14 15 146.84 1430.11 0.92 8.78 49.66 731.97 65.87 1128.71 
14 16 146.86 1430.11 0.92 8.78 49.66 731.97 65.92 1128.71 
14 17 1233.29 1430.11 7.32 8.78 666.68 731.97 1128.69 1195.51 
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Table 3.5, look-up table for BC fault with Rf=10 ohm 
BC fault,   Rf=10 ohm 
 
Bus 
Is1 Is2 Is3 Is4 
Min Max Min Max Min Max Min Max 
1 2 878.12 883.38 4.97 5.18 568.22 635.48 149.69 205.73 
2 3 859.04 878.13 5.17 6.14 514.06 568.23 205.18 205.73 
2 4 878.12 879.61 5.17 5.39 500.02 568.23 205.72 241.90 
4 5 863.41 879.61 5.27 5.39 435.61 500.03 199.53 241.90 
4 6 862.16 879.61 5.34 5.39 448.39 500.03 208.79 241.90 
4 7 858.21 879.61 5.38 5.45 467.73 500.03 241.89 334.32 
7 8 146.84 858.22 0.92 5.45 49.66 467.74 65.89 334.32 
7 9 146.84 858.22 0.92 5.45 49.66 467.74 65.88 334.31 
7 10 850.86 858.22 5.25 5.45 427.34 467.74 334.31 346.16 
10 11 795.69 850.87 4.85 5.26 383.19 427.35 344.32 346.16 
10 12 774.55 850.87 4.95 5.26 370.68 427.35 312.27 346.16 
12 13 677.19 774.56 4.35 4.96 337.45 370.68 312.27 351.95 
12 14 656.70 774.56 4.06 4.96 338.40 370.69 312.27 342.06 
14 15 146.84 656.71 0.92 4.07 49.66 338.41 65.87 342.06 
14 16 146.86 656.71 0.92 4.07 49.66 338.41 65.92 342.06 
14 17 500.23 656.71 3.76 4.07 315.70 338.41 342.05 345.50 
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Table 3.6, look-up table for BCG fault with Rf=1 ohm and Rg=1 ohm 
BCG fault,   Rf=1 ohm, Rg=1 ohm 
 
Bus 
Is1 Is2 Is3 Is4 
Min Max Min Max Min Max Min Max 
1 2 4280.39 6253.1 19.72 26.99 1733.69 2340.41 597.93 680.19 
2 3 2814.39 4280.41 26.98 28.40 1224.49 1733.71 478.46 680.19 
2 4 3081.79 4280.41 19.15 26.99 1286.99 1733.71 680.18 807.00 
4 5 2067.69 3081.81 12.68 19.16 911.00 1287.1 579.98 807.00 
4 6 2182.69 3081.81 13.12 19.16 946.52 1287.1 609.74 807.00 
4 7 2720.49 3081.81 16.89 19.16 1131.49 1287.1 806.99 876.37 
7 8 146.84 2720.51 0.92 16.90 49.66 1131.51 65.89 876.37 
7 9 840.98 2720.51 5.47 16.90 65.92 1131.51 286.70 876.37 
7 10 2260.09 2720.51 13.36 16.90 957.33 1131.51 876.35 957.41 
10 11 1634.69 2260.11 10.21 13.37 728.43 957.34 707.50 957.41 
10 12 1746.59 2260.11 10.56 13.37 760.03 957.34 957.40 1125.91 
12 13 1483.39 1746.61 8.35 10.57 611.23 760.04 856.83 1125.91 
12 14 1633.59 1746.61 9.42 10.57 660.41 760.04 1125.89 1278.61 
14 15 606.71 1633.61 3.55 9.43 82.67 660.42 546.64 1278.61 
14 16 471.15 1633.61 3.07 9.43 358.41 660.42 394.42 1278.61 
14 17 1556.19 1633.61 8.55 9.43 597.78 660.42 1278.59 1430.61 
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Table 3.7, look-up table for BCG fault with Rf=1 ohm and Rg=50 ohm 
BCG fault,   Rf= 1 ohm Rg=50 ohm 
 
Bus 
Is1 Is2 Is3 Is4 
Min Max Min Max Min Max Min Max 
1 2 4093.09 5840.41 21.61 24.23 1986.09 2957.1 371.67 393.14 
2 3 2341.09 4093.11 20.06 24.23 1331.80 1986.15 393.13 395.83 
2 4 2809.99 4093.11 13.68 24.23 1416.35 1986.15 393.13 431.97 
4 5 1133.49 2810.10 7.85 13.69 960.72 1416.45 431.96 449.95 
4 6 1233.79 2810.10 5.97 13.69 1005.65 1416.45 397.28 431.97 
4 7 2232.29 2810.10 11.25 13.69 1233.05 1416.45 431.96 456.00 
7 8 146.84 2232.31 0.92 11.26 49.66 1233.15 65.89 456.00 
7 9 258.43 2232.31 1.66 11.26 54.66 1233.15 93.48 456.00 
7 10 1755.90 2232.31 8.49 11.26 1029.75 1233.15 455.99 512.17 
10 11 1057.49 1756.1 7.49 8.50 757.57 1029.85 494.55 512.17 
10 12 1071.09 1756.1 5.44 8.50 817.09 1029.85 512.16 713.79 
12 13 933.80 1071.11 5.44 6.73 640.73 817.10 536.29 713.79 
12 14 851.78 1071.11 4.40 5.46 713.23 817.10 713.78 872.44 
14 15 247.32 851.79 1.29 4.41 59.58 713.24 143.00 872.44 
14 16 219.81 851.79 1.37 4.41 104.07 713.24 102.99 872.44 
14 17 775.72 851.79 4.40 4.48 650.52 713.24 872.43 1033.91 
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Table 3.8, look-up table for ABC fault with Rf=1 ohm 
ABC fault,   Rf=1 ohm 
 
Bus 
Is1 Is2 Is3 Is4 
Min Max Min Max Min Max Min Max 
1 2 5886.29 8527.61 26.57 28.90 2004.79 2988.51 906.16 957.40 
2 3 3738.09 5886.31 26.57 35.97 1362.89 2004.81 580.67 957.40 
2 4 4316.45 5886.31 25.50 26.58 1450.35 2004.81 957.39 1013.61 
4 5 1991.85 4316.51 12.17 25.51 990.31 1450.45 324.57 1013.61 
4 6 3092.29 4316.51 17.52 25.51 1029.89 1450.45 839.50 1013.61 
4 7 3813.49 4316.51 21.98 25.51 1250.15 1450.45 1013.59 1201.41 
7 8 146.83 3813.51 0.92 21.99 49.66 1250.25 65.88 1201.41 
7 9 146.84 3813.51 0.92 21.99 49.66 1250.25 65.88 1201.41 
7 10 3250.85 3813.51 18.42 21.99 1066.09 1250.25 1201.39 1379.21 
10 11 2341.05 3250.95 13.56 18.43 794.17 1066.15 936.80 1379.21 
10 12 2517.85 3250.95 15.55 18.43 843.28 1066.15 1379.19 1418.31 
12 13 2141.15 2517.95 12.76 15.56 670.07 843.29 1059.05 1418.31 
12 14 2412.45 2517.95 12.15 15.56 737.33 843.29 1418.29 1452.65 
14 15 1079.45 2412.55 5.96 12.16 67.69 737.34 867.34 1452.65 
14 16 146.86 2412.55 0.92 12.16 49.66 737.34 65.92 1452.65 
14 17 2074.95 2412.55 12.15 12.40 677.39 737.34 1452.55 1597.15 
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Table 3.9, look-up table for ABC fault with Rf=10 ohm 
ABC fault,   Rf=10 ohm 
 
Bus 
Is1 Is2 Is3 Is4 
Min Max Min Max Min Max Min Max 
1 2 1790.29 2226.25 7.74 11.54 530.41 591.88 268.62 345.08 
2 3 1662.75 1790.35 11.53 13.08 479.88 530.42 322.23 345.08 
2 4 1476.45 1790.35 10.63 11.54 472.44 530.42 345.07 451.52 
4 5 863.41 1476.55 5.27 10.64 435.61 472.45 199.53 451.52 
4 6 1375.15 1476.55 9.21 10.64 422.79 472.45 409.31 451.52 
4 7 1400.55 1476.55 9.92 10.64 442.34 472.45 451.51 498.14 
7 8 146.83 1400.65 0.92 9.93 49.66 442.35 65.88 498.14 
7 9 146.84 1400.65 0.92 9.93 49.66 442.35 65.88 498.14 
7 10 1362.85 1400.65 8.65 9.93 404.92 442.35 498.13 567.98 
10 11 1257.45 1362.95 7.01 8.66 369.43 404.93 535.97 567.98 
10 12 1269.45 1362.95 7.30 8.66 353.87 404.93 567.97 720.42 
12 13 1163.95 1269.55 6.51 7.31 321.75 353.88 666.25 720.42 
12 14 1187.35 1269.55 6.92 7.31 320.68 353.88 720.41 815.23 
14 15 592.12 1187.45 4.42 6.93 58.63 320.69 406.90 815.23 
14 16 146.86 1187.45 0.92 6.93 49.66 320.69 65.92 815.23 
14 17 1120.85 1187.45 6.66 6.93 306.15 320.69 815.22 881.98 
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Table 3.10, look-up table for ABCG fault with Rf=1 ohm and Rg=1 ohm 
ABCG fault, Rf=1 ohm,   Rg=1 ohm 
 
Bus 
Is1 Is2 Is3 Is4 
Min Max Min Max Min Max Min Max 
1 2 6096.15 8376.35 31.32 33.47 1974.29 2882.01 926.99 1053.85 
2 3 4219.65 6096.25 33.46 36.18 1318.85 1974.35 713.62 1053.85 
2 4 3920.45 6096.25 26.73 33.47 1427.65 1974.35 1053.75 1152.65 
4 5 2067.65 3920.55 12.68 26.74 911.00 1427.75 579.98 1152.65 
4 6 2939.15 3920.55 18.58 26.74 1022.25 1427.75 740.37 1152.65 
4 7 3648.45 3920.55 23.58 26.74 1254.75 1427.75 1152.55 1172.25 
7 8 575.69 3648.55 4.15 23.59 70.43 1254.85 217.76 1172.25 
7 9 840.98 3648.55 5.47 23.59 65.92 1254.85 286.70 1172.25 
7 10 2995.85 3648.55 20.14 23.59 1056.95 1254.85 1172.15 1345.25 
10 11 2247.15 2995.95 13.80 20.14 780.02 1057.05 1016.35 1345.25 
10 12 2601.85 2995.95 16.27 20.15 841.71 1057.05 1613.05 1345.25 
12 13 1831.35 2601.95 12.08 16.28 652.62 841.72 1162.25 1613.15 
12 14 2401.15 2601.95 13.71 16.28 728.26 841.72 1432.55 1613.15 
14 15 1020.25 2401.25 6.56 13.72 94.13 728.27 762.37 1432.65 
14 16 471.15 2401.25 3.07 13.72 358.41 728.27 394.42 1432.65 
14 17 2297.45 2401.25 12.71 13.72 656.94 728.27 1432.55 1607.85 
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Table 3.11, look-up table for ABCG fault with Rf=1 ohm and Rg=50 ohm 
ABCG fault, Rf=1 ohm,   Rg=50 ohm 
 
Bus 
Is1 Is2 Is3 Is4 
Min Max Min Max Min Max Min Max 
1 2 5553.75 8764.45 28.70 33.38 1998.05 2984.05 892.70 910.33 
2 3 3596.15 5553.85 33.37 36.49 1356.55 1998.15 626.40 892.71 
2 4 4385.35 5553.85 24.76 33.38 1441.85 1998.15 892.70 1110.35 
4 5 1133.45 4385.45 7.85 24.77 960.72 1441.95 449.94 1110.35 
4 6 3160.45 4385.45 18.16 24.77 1024.15 1441.95 807.43 1110.35 
4 7 3878.25 4385.45 21.72 24.77 1245.65 1441.95 1110.25 1218.55 
7 8 260.15 3878.35 1.77 21.73 54.12 1245.75 110.04 1218.55 
7 9 258.43 3878.35 1.66 21.73 54.66 1245.75 93.48 1218.55 
7 10 3265.45 3878.35 19.93 21.73 1061.65 1245.75 1218.45 1394.05 
10 11 2452.55 3265.55 14.10 19.94 789.10 1061.75 937.22 1394.05 
10 12 2668.15 3265.55 13.87 19.94 839.86 1061.75 1393.95 1452.65 
12 13 2179.05 2668.25 12.47 13.88 666.68 839.87 1058.45 1452.65 
12 14 2373.25 2668.25 13.54 13.88 741.58 839.87 1452.55 1511.25 
14 15 991.42 2373.35 7.14 13.55 79.01 741.59 823.58 1511.25 
14 16 219.81 2373.35 1.37 13.55 104.07 741.59 102.99 1511.25 
14 17 1931.85 2373.35 11.44 13.55 671.60 741.59 1511.15 1609.35 
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3.5 The updated fault-location method for the adaptive protection in [1]  
After simulating the fault-location method in the adaptive protection scheme, there is a 
need to find another better fault location method for this adaptive protection for the 
distribution system with DGs because of the limitations of the original one.  
 A generalized fault-location method for distribution systems by Dr. Yuan Liao [3]. This 
method contains two types of sub-methods, the one for radial distribution systems, and 
the other one for non-radial distribution systems. The one for non-radial system is studied 
in this thesis. The biggest advantage of this fault-location method is that it doesn’t require 
many iterative procedures as other fault-location methods need, such as the fault-location 
method in the adaptive protection scheme, it needs operator makes a lot of look-up tables 
for fault current which is iterative. This method is based on using the bus impedance 
matrix to implement the short-circuit analysis to located the fault in the distribution 
system. This method supposed that we have the parameters of distribution system, such 
as the source impedance, main feeder and different number of phase laterals impedance 
matrices. With these data, we can build the bus impedance matrix of the distribution 
system.  
Here is how this fault-location works in details. Before explaining how this method 
works, there is a new term “node” which will be used in this method. The node means a 
single-phase point, the number of nodes that bus has depends on the number of phase that 
bus has, such as one-phase bus only has one node. 
As be mentioned above, this method is based on bus impedance matrix. According to the 
fault types, we add the appropriate number of fictitious node at the fault location. Then 
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we can get the three kinds of new items: transfer impedance between the node on the 
feeder and fault fictitious node, kriZ ; transfer impedance between fault fictitious nodes, 
rirtZ ; and driving point impedance of fault fictitious node, ririZ  . With these three new 
items, we can get the functions of node voltage at the substation which are used to 
calculate the fault location. The following figure is an example which shows the nodes in 
the part of distribution system. 
 
 
Figure3.3 the nodes in the part of distribution system (three-phase) 
 
The p1, p2, p3, q1, q2 and q3 are nodes of feeder; Ep1, Ep2, Ep3, Eq1, Eq2 and Eq3 are 
the voltage of these nodes respectively; m means the per unit distance between p1, p2, p3 
and faults r1, r2, r3 respectively; I1, I2, I3 mean the current between p1-ri, p2-r2 and p3-
r3; z1, z2, z3 are self-impedance of each phase feeder; z12, z23, z13 are mutual 
impedance between each phase feeder. With these information, we can get the voltage 
change between pre-fault voltage and fault voltage of node k on the feeder. 
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3322110 fkrfkrfkrkkk IZIZIZEEE     (1) 
 
 After the introduction of basic knowledge in this fault location method, then we use an 
example fault to explain the details about how to calculate the location of fault. 
3.5.1 Fault location method for a LG fault 
In this example, there is an AG fault in the distribution system. For the LG fault, we can 
get the voltage change from (1) 
110 fkrkkk IZEEE   
 
Then 
)11(
)(
111
2
2_111_110_11
101010
1
mCBRmAmAA
EEmE
E
kkf
qpp
k


   (2) 
 
Which                                                            
110_11 ppZA   
111111_11 2 qppp ZZzA   
11111112_11 2 zZZZA qpqqpp   
By solving equation (2), we can calculate the specific fault location m for the LG fault. 
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Chapter 4: Conclusion 
In this thesis research, it focus on the study of the impacts of DGs on the fault current and 
voltage in the distribution systems and the protection scheme for the distribution systems 
with penetration of distributed generations.  
Due to the simulation in the chapter 2, we find the facts that DGs have deep impacts on 
the fault current and voltage in the distribution systems. DGs will change the direction 
and magnitude of the fault current in the distribution although these impacts are different 
which depend on the location of DG in the distribution systems.  
Because of the impacts of DG on the magnitude and direction of fault current, the 
original protection schemes which work in radial distribution systems are not available 
anymore in the distribution systems with DGs. So there is a need to working on the study 
of the adaptive protection scheme for the distribution systems with DGs [1]. At the 
beginning of chapter 3, we made an introduction about the current fault location methods 
for radial or redial systems and the current protection schemes for the distribution 
systems with DGs. After the simulation on the adaptive protection scheme in the Chapter 
3, we find that the fault location method in this protection scheme is rather complicated 
and not efficient, because there is a need to make a lot of different look-up tables for 
different types of fault with different fault resistances when we try to locate a fault in a 
distribution system. A fault location method [4] that may be used for online protection of 
distribution systems with DGs is studied. This fault location method uses bus impedance 
matrix to avoid of iterative procedures as other current fault location methods, it can help 
us locate fault quickly and efficient. Besides this, with more study on the impacts of DGs 
on the distribution systems, there will be more outcomes about the protection methods for 
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the distribution system with distributed generations, which are more efficient, less cost 
and update works in the original distribution systems.  
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